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A B S T R A C T
Through stylized damage functions, Integrated Assessment Models (IAMs) provide estimates of the economic
costs that would occur for absolute changes in global temperature. In these damage functions, adaptation,
sensitivity and their interactions are often combined in an intractable way. In this theoretical study we propose a
new type of damage functions that allows mapping economic losses in terms of how extreme global temperature
changes are in relation to a coping range representing the capacity of a system to deal with the climate con-
ditions experienced at a particular period of time. In these new damage functions, which can be applied to the
regional and global scales, adaptation to a changing climate is introduced by allowing the reference climate to be
a function of time instead of a fixed quantity. Different formulations of damage functions discussed in the
literature arise as special cases.
1. Introduction
Integrated Assessment (IA) and Integrated Assessment Models
(IAMs) have been widely used to address complex environmental pro-
blems (e.g., Döll et al., 2013; Nordhaus, 2008, 2017; Akhtar et al.,
2013; de Vos et al., 2013). IA/IAMs allow to integrate the knowledge
from different disciplines and provide a consistent way for analyzing
and exploring the consequences of environmental problems and the
effects of different response actions (e.g., Füssel, 2010; Vedrenne et al.,
2014; Hamilton et al., 2015; Kelly et al., 2013; Letcher et al., 2007).
Significant efforts have been made to identify and overcome important
shortcomings in IAMs (e.g., Jakeman et al., 2006; Schwanitz, 2013;
Schneider, 1997; Tol, 2018), and to improve the understanding re-
garding both implicit and explicit assumptions as well as the sensitivity
of parameter values (e.g., Botzen et al., 2018; Estrada et al., 2015;
Butler et al., 2014; Nordhaus, 2008; see also the Thematic Issue on In-
novative Approaches to Global Change Modelling in Volume 44 of En-
vironmental Modelling and Software).
In this study, we focus on IAMs of economic impacts of climate
change. The function that relates climate change to its impacts is crucial
for any assessment of the seriousness of climate change (e.g., Diaz and
Moore, 2017; Estrada et al., 2015; Tol and Fankhauser, 1998). IAMs
often use stylized damage functions with implicit adaptation, and a
sensitivity to climate change that is the same for all warming trajec-
tories and path-independent. Most of these damage functions are in-
herently static and do not allow for interactions between impacts,
sensitivity and adaptation. Using empirical estimates of persistence of
general shocks to observed GDP, Estrada et al. (2015) showed that the
projected economic costs of climate change could have been severely
underestimated in past assessments. However, that study only included
the dynamics of impacts without explicitly accounting for dynamics in
adaptation and sensitivity of the system affected by climate change. The
present work extends what is presented in Estrada et al. (2015) by
proposing a theoretical specification of an adjusted climate change
damage function that explicitly incorporates a tractable generalization
of adaptation and sensitivity dynamics.
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The objective of this paper is to study the dynamics of adaptation
and the sensitivity of economic welfare to climate change. In particular,
we aim to answer the following research questions: Which kind of da-
mage function can suitably account for such dynamics? What are the
implications for the estimated economic impacts of climate change? We
derive the mathematical properties of this damage function and illus-
trate numerically that these dynamics matter for estimates of the im-
pacts of climate change.
The most common damage function in IAMs is a polynomial func-
tion of global temperature (e.g., Warren et al., 2006):
= +D T Tt t t1 2 3 (1)
where Dt are the damages occurring at time t due to changes in average
global or regional temperatures anomalies (Tt) with respect to a re-
ference period (frequently the pre-industrial climate) and =1 1 ,
=2 2 are fixed parameters fitted for a certain increase in global
temperature (e.g., 2.5 °C or a doubling of the atmospheric concentration
of CO2), and frequently = 23 . Damage functions are usually fitted for
smooth and deterministic climate change (Estrada and Tol, 2015). This
implies that Tt only represents the response to changes in radiative
forcing and does not include natural variability.
In general, impacts can be conceptualized as a function of changes
in climate (hazard), sensitivity, and adaptive capacity. In Equation (1)
these three determinant factors and their interactions are combined in
an intractable way (e.g., Tol and Fankhauser, 1998; Tol et al., 1998;
Patt et al., 2010; Füssel, 2010). No impact dynamics are allowed and for
any particular value of Tt , the sensitivity of the system affected by cli-
mate change is fixed and does not depend on past impacts (see Estrada
et al., 2015). For instance the standard DICE model uses Equation (1),
which implies that adaptation is accounted for implicitly by fitting the
damage function to estimates of climate damages net of adaptation
(Nordhaus, 2017). In the FUND model, adaptation in agriculture is
modelled explicitly by a lagged rate component that fades with adap-
tation; adaptation to sea level rise impacts is based on a cost-benefit
analysis; while for other impacts adaptation is implicit by fitting the
damage function on net impacts (Diaz and Moore, 2017). A few existing
studies are exceptions in that they explicitly model adaptation in IAMs
of climate impacts on the economy. In AD-DICE, De Bruin et al.
(2009a,b) explicitly model adaptation in DICE by separating adaptation
to absolute climate change damages from climate impacts, which al-
lows for examining tradeoffs between greenhouse gas mitigation and
adaptation policies. In PAGE adaptation is modelled explicitly through
exogenous fixed regional policies that reduce climate impacts for a cost
(Hope, 2011). Dumas and Ha-Duong (2013) model transient adaptation
cost of adaptation to a changing climate system in an IAM by in-
tegrating protection capital in a Cobb-Douglas production function.
Bosello and De Cian (2014) adjust the damage functions in the WITCH
model of economic climate impacts to account for adaptation costs and
effectiveness in climate damage functions for different economic sectors
and regions. Others have estimated the impacts of climate change with
climate variability as input in the damage function. For instance,
Lempert et al. (2000) add two components to the commonly used power
law damage function based on global-mean surface temperature:
namely impacts due to changes in climate variability to which can be
adapted in a two-year time-scale, and impacts due to changes in climate
variability to which adaptation occurs more slowly and takes a few
decades.
We propose a new damage function based on a transformation that
“standardizes” changes in climate by means of the system's coping
range and adaptive capacity. A novelty of our approach is that both the
system's sensitivity and adaptive capacity are dynamic and explicit.
Current IAMs assume that impacts depend on absolute changes in cli-
mate variables. We instead model economic impacts as a function of the
difference between actual and expected climate conditions, relative to
society's ability to adapt. Models of complex systems, such as IAMs, are
inherently heuristic and aim to help thinking and learning about se-
lected traits of the systems under study and their interactions, as well as
for performing what-if analyses (Oreskes et al., 1994). When modelling
these systems, large simplifications and idealizations are made, in-
formation is incomplete or fragmented, and deep uncertainty is char-
acteristic1 (Gay and Estrada, 2010; Spiegelhalter and Riesch, 2011;
Baumberger et al., 2017). Full fitting of these models, as well as their
evaluation or verification, is hardly possible (Oreskes et al., 1994;
Oreskes, 1998). Here, the proposed damage function is fitted to re-
produce the results of the AD-DICE damage function (De Bruin et al.,
2009a) for the static case. Sensitivity analyses are presented and pos-
sible alternative representations are discussed for the new parameters
in the new damage function. The material presented in this paper
contributes to the literature by highlighting the importance of dynamics
of adaptation and sensitivity when estimating the economic impacts of
climate change, which can serve as a basis for further research on these
topics.
The paper is structured as follows. Section 2 presents a general-
ization of the damage functions. In Section 3 some of the damage
functions commonly used in the literature are adjusted for accom-
modating the modifications proposed in Section 2 and for discussing the
underlying implications of current damage functions in IAMs. The
conclusions and future extensions of this paper are presented in Section
4.
2. A generalization of damage functions
Consider the following generalization of the damage function in
Equation (1):
= +D S Stad t t1 2 3 (2)
where
=S T at t t
t (3)
t represents the coping range of the system which is a measure of its
sensitivity to changes in Tt . at is the temperature change the system is
adapted to at time t. Therefore, Dtad are the economic damages of cli-
mate change (% of GDP) taking into account the current values of
adaptation and coping range. = …t T1, , is discrete and the time step is
annual. In the case of stationary climate there are no impacts, because
the climate is as expected (i.e., the observed climate is the same as the
reference climate, therefore the change in Tt is equal to zero). Both t
and at are expressed in °C and St is thus unitless (see Table A1 for a
description of all parameters and variables). Note that the “standardi-
zation” of Tt in Equation (3) is not conducted to reflect the statistical
Software and data availability
Microsoft Excel and Microsoft Excel Solver were used for produ-
cing the results in this paper (https://products.office.com/en/
excel)
An Excel file to reproduce the figures in this paper is available at
https://figshare.com/s/4ced4e083b9906a4cfb3. MATLAB was
used for Figure A3 (https://in.mathworks.com/products/matlab.
html)
The HadCRUT4 near surface temperature data set used in this
paper is available at http://www.metoffice.gov.uk/hadobs/
hadcrut4/data/4.2.0.0/download.html.
1 Deep uncertainty refers to the situation in which analysts don't know or
cannot agree upon: 1) the adequate models to describe the system's interac-
tions; 2) the probability distributions, key variables or parameters in these
models; and 3) the value of the alternative outcomes (Walker et al., 2013).
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properties of Tt . In this re-expression, the impacts become a function of
how extreme the climate conditions are for a given system with parti-
cular coping and adaptation capacities, instead of absolute temperature
changes.2
Through adaptation, the system can migrate to a new set of normal
climate conditions. In this way, the climate of reference in Equations (2)
and (3) above is time-dependent, and the damage function thus changes
over time too.
From (2) and (3) we have










1 , =t2, t
2
3 and =T T at t t. Making t a function of time
is equivalent to having a damage function with time-varying para-
meters, which reflects changes in the sensitivity of the system to net
changes in temperature (Tt ).
If a regional dimension is considered, Equation (4) can be general-
ized to
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where the coefficients of the r regions are explicitly scaled by their
sensitivity, giving an alternative approach for producing regional
models.3
2.1. Specification of adaptation in the proposed damage function
Adaptation can be represented as the sum of planned and autono-
mous adaptation:
= +at t t1, 2, (6)
where t1, and t2, represent planned and autonomous adaptation, re-
spectively, and are expressed in °C. Autonomous adaptation is not a
conscious response to climate change, but a spontaneous and reactive
reaction to changes in natural and human systems and the costs of these
actions are private. On the contrary, planned adaptation is the result of
a deliberate policy or investment decision to respond to observed and/
or projected changes in climate (IPCC, 2007; Neumann and Strzepek,
2014; Fankhauser et al., 1999).
Two possible specifications are proposed for autonomous adaptation:
= T et t kT2, t (7a)
and
= T et t k T2, ( )t t1, (7b)
where k > 0 is a parameter that determines the fraction of the increase in
Tt that can be absorbed by autonomous adaptation. As is shown in Figure
A1, this fraction is a decreasing function of k andTt >0.4 k also controls at
which temperature change level the maximum adaptation occurs, namely
k1/ . This specification assumes that private adaptation costs increase with
Tt and that as the system gets increasingly stressed due to the changes in
climate, its capacity to respond autonomously to additional increases in Tt
is reduced. For instance, a farmer is likely to unconsciously adapt to small
levels of warming through gradual changes in crop management. But this
approach becomes less effective when climate change becomes larger and
the need for planned adaptation increases, for example, by introducing
irrigation and growing different crop types. Note that these additional in-
creases in Tt do not undo the adaptation that occurred in previous periods.
For small changes in climate, the value of the exponential weighting
function in these equations is close to 1 and therefore Tt t2, . However, as
Tt increases, the capacity of the system to adapt in an autonomous way
decreases. Note that other more complex functions, such as the Gamma
distribution, could be used for this purpose. Here, for the sake of simplicity,
we use an exponential function which has only one parameter. By varying
the values of k, the proposed specification allows to represent a wide range
of autonomous adaptation capacity. Due to the lack of information about
aggregate autonomous adaptation at the global scale, this parameter
cannot be fitted. Therefore, we arbitrarily set k=1 for the results pre-
sented in the next sections and we provide a sensitivity analysis in section 2
of the Supplementary Information to illustrate the flexibility of the pro-
posed specification.5 Equation (7b) allows for synergistic effects between
planned and autonomous adaptation by reducing the rate at which au-
tonomous adaptation decreases with increases in Tt . This implies that the
maximum possible autonomous adaptation also depends on the level of
planned adaptation. The rationale behind Equation (7b) is that planned
adaptation is likely to provide favorable conditions for further autonomous
adaptation to take place.
Whereas autonomous adaptation is not a decision variable, planned
adaptation is chosen, and that choice requires investment. As such t1, is
the policy variable of interest and we focus on planned adaptation costs.
Note that the proposed framework could be extended in future research
to include autonomous adaptation costs as well. However, this re-
presents a major challenge since the available estimates about global
adaptation costs are primarily about planned adaptation, due to the
difficulty of identifying and costing the enormous range of actions that
could be considered autonomous adaptation (Parry et al., 2009; Narain
et al., 2011; Fankhauser et al., 2016). As in previous studies (De Bruin
et al., 2009a; De Bruin et al., 2009b), planned adaptation costs (ADt)
are assumed to be a power function of t1, :
=ADt t1 1,2 (8)
The intuition behind this specification is that adaptation costs in-
crease non-linearly with the level of adaptation implemented when
> 12 , which implies increasing marginal adaptation costs.
In the Supplementary Information section1 we derive the optimality
conditions of the proposed damage function, assuming a constant
coping range and for three cases of autonomous adaptation: 1) no au-
tonomous adaptation; 2) independent planned and autonomous adap-
tation and; 3) synergistic effects between planned and autonomous
adaptation. The optimization problem consists in maximizing the net
benefits NB of planned adaptation, i.e., the difference in damages be-
tween the cases of no adaptations and with adaptation, minus the costs
of adaptation, at time t:
=
= + +
NB D T D T a AD
T T T a T a
( ) ( , )
[ ( ) ( ) ]
t t t t
ad
t t t
t t t t t t t1 2 1 2 1 1,
3 3 2 (9)
where =1 1 , =2 23 . There is no analytical solution to the first-order
conditions in equation (A2) to A4, unless we impose restrictions on
2 For the ease of exposition and without loss in generality, we assume that
deviations with respect to the optimal climate generate negative impacts and
that the impacts under the optimum temperature are zero. Note that any power
or polynomial function can be shifted in this way by adding a constant.
3 This approach follows the common practice in IAMs of economic impacts
from climate change to represent global and regional impacts as a function of
temperature (Nordhaus, 2010). This function is a simplification because
changes in other climate variables like precipitation and sea level rise are ex-
pected to determine local impacts.
4 To allow for negative temperature changes T et | | can be used, but this is not
relevant for our application of global warming in which temperature is pro-
jected to increase with respect to a base year.
5 Our specification implies that even for larger changes in temperature, au-
tonomous adaptation can still take place, but at a lower rate when temperature
increases. The reason is that there are economic and physical limits to adap-
tation. This can be interpreted as an analogy to the common expectation that
the marginal benefits of adaptation decline when a lot of adaptation has already
taken place. An opposite result may occur when adaptation suddenly increases
rapidly in response to large and rapid climate changes. Such a specification can
be relevant for future research.
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parameters. We therefore numerically solve for the optimal level of
planned adaptation. Figure A2 illustrates optimal adaptation levels for
the three cases above, highlighting the interaction between autono-
mous and planned adaptation. If autonomous and planned adaptation
are independent, autonomous adaptation reduces optimal planned
adaptation. However, with synergies between the two types of adap-
tation, for moderate to high warming, the optimal level of planned
adaptation is higher if autonomous adaptation is included. Note that in
practice optimality of adaptation policies may be difficult to obtain.
Our proposed damage function can be used for optimal adaptation as
well as for what-if scenarios (Füssel, 2010) which are useful to explore
the implications of non-optimal policies that decision makers may
consider implementing.
Adaptation can be reactive or anticipatory (Fankhauser et al.,
1999). In Equation (A1) to (A4), adaptation can be either reactive or
anticipatory (see Supplementary Information, section 1). The numerical
example in section 3 optimizes planned adaptation, maximizing the
present value of the natural logarithm of GDP per capita over 100 years.
This is consistent with IAMs that explore optimal climate policy. In this
example, adaptation is anticipatory since it considers the evolution of
impacts during a century into the future.
2.2. Specification of the coping range in the damage function
The coping range defines the interval within which variations in
climate conditions do not cause significant impacts to a system due to
its underlying resilience (see Yohe and Tol, 2002; Downing et al.,
1997). The coping range is not necessarily constant, and therefore the
same climate shock can cause different impacts depending on the state
of the system. Moreover, significant and/or sustained impacts to the
system can decrease its resilience and capacity to cope in the following
periods. The dynamics of the coping range can be represented as fol-
lows:
= + = +µ D µt t tad t t t1 1 1 1 (10)
for = …t T1, , , where is the momentum of the coping range and
= Dtad1 is that momentum adjusted for past impact. Here
=µ (1 ) is the constant that represents the coping range of the
system without climate change, and is the long-run coping range
value without climate change. The objective of this equation is to in-
corporate dynamics into the damage function by taking into account
the effects of current and past impacts over the ability of society to cope
with further damages. This allows to make impacts and sensitivity time-
and path-dependent. Here, for simplicity, these effects are accounted by
a one-lag memory term. However, other more complex representations,
such as longer lags or asymmetric functions, could be adopted.
Note that in equation (10), t depends on at 1 via Dtad1 but it is in-
dependent from at , which means that the current coping range depends
on past adaptation only. Equation (10) is quasilinear in t 1. Equation
(10) can be rewritten as:
= +(1 )t t t 1 (11)
which shows that the coping range at time t is a sum of the undisturbed
coping range and the coping range at time t-1, weighted by (1 ) and
t . Under stationary climate conditions =t . However, under chan-
ging climate conditions Dtad1 will be systematically different from zero
and the coping range will decrease/increase as the impacts of climate
change become more negative/positive. This implies that the sensitivity
of the system —represented by the parameters in Equation (4)— will
change accordingly to reflect the time-evolving coping capacity of the
system. In addition, the effects of Dtad1 on t are persistent and even
when the direct impacts of climate change have stopped, the system
will only go back to its original state after a certain period of time. Note
that equation (10) can be seen as a first order difference equation of the
type = + +z b z et t t1 with forcing process =e Dt tad t1 1. As such, the
effects of a one-time shock on t will be more persistent as approaches
1.
While is a description of the initial state of the system's vulner-
ability, t is determined in part by, at 1, that is by the autonomous
adaptation and the investment done in planned adaptation. The effects
of adaptation over the coping range are described in section 3 of the
Supplementary Information.
3. Generalizing the DICE and AD-DICE damage functions to
include dynamic coping ranges and adaptation
3.1. Standard damage functions and fitting of the proposed damage
function
The proposed damage function is based on that of the DICE model,
in particular on the AD-DICE2007 extension. As described below, the
new damage function is parameterized to approximate the results of
that of the AD-DICE2007, for the base case of the static coping range.
The DICE damage function (Nordhaus and Boyer, 2000; Nordhaus,
2008) expresses damages in terms of changes in global temperature from
its 1900 value, which is chosen to represent the pre-industrial climate. We
use the ensemble median of global mean surface temperatures from the
HadCRUT4 dataset6 to characterize this baseline climate (Morice et al.,
2012). The HadCRUT4 is a 5°x5° gridded monthly surface temperature
dataset available from January 1850 until present day. The parameter
values for DICE99, DICE2007 and two versions of AD-DICE2007 (gross
damage) are shown in Table 1. We modified AD-DICE2007 by setting the
= 23 , as in DICE, instead of the fractional coefficient originally proposed.
Parameters 1 and 2 for this function (Table 1) are obtained by minimizing
the sum of square differences between the original AD-DICE2007 and
modified AD-DICE2007* functions for a range of 0 °C to 6 °C temperature
increase ( =R 0.9972 , from a regression between the original AD-DICE2007
and the modified AD-DICE2007* damage functions). The main difference
between the DICE and AD-DICE2007 damage functions is that the first is
fitted to represent expected impacts after “optimal adaptation”, while that
of the AD-DICE2007 is fitted to reproduce the implied total damages (i.e.,
the impacts after adaptation plus adaptation costs) of the DICE model.
Equation (4) is a parabola, as is the DICE damage function. Para-
meters are readily matched:
= + = +D S S S S( )tad t t cr t cr t1 2 2 2 1 2 2 (14)
where =cr1 1 and = ( )cr2 2 2. In other words, parameters cr1 and
cr
2 allow to exactly match the projected losses in GDP using variable St
that would be obtained using the original DICE parameters and variable
Tt . For this adjustment, an estimate of the coping range is needed. One
possibility is to choose such that the world was nearly completely
adapted to the pre-industrial climate by year 1900, although this might
be an overly optimistic assumption. Nevertheless, this is consistent with
the standard DICE model damage function assuming that climate
change impacts are zero in 1900. As such, we assume that the coping
range corresponds to 3 standard deviations of global temperatures es-
timated from a 31-year period centered in 1900.7 The coping range is
= °0.345 C and the fitted parameters are shown in Table 1. Note that
6 At the time of writing this paper the latest HadCRUT4 dataset was version
HadCRUT.4.2.0.0. The differences between this version of the dataset and the
latest one regarding the standard deviations of global mean temperatures used
in this paper are negligible. The differences in these standard deviations are
−0.002 °C and 0.003 °C for the 31-year period centered in year 1900 and for
the whole dataset, respectively. Data are available at: http://www.metoffice.
gov.uk/hadobs/hadcrut4/data/4.2.0.0/time_series/HadCRUT.4.2.0.0.annual_
ns_avg.txt.
7 Global temperature during the selected period can be represented by a
Normal distribution (Jarque-Bera statistic 1.93). An interval of three standard
deviations from the mean covers about 99.7% of the probability mass of this
distribution.
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the magnitude of is deceivingly small. Such value at the global scale
can imply much larger variability at regional and local scales and
therefore a coping range of 0.345 °C can be indeed large for the world's
societies and natural systems as a whole (Figure A3). Note, however,
that the damages obtained from Equation (14) do not depend on the
initial value chosen for the coping range, but on the ratio between this
value and the value of the coping range at time t.
Nevertheless, the value for coping range is important to estimate
how extreme a given level of warming is with respect to what a system
has previously experienced. Table 2 shows what increases up to 6 °C in
global temperature represent in coping range units and the corre-
sponding expected economic impacts according to the DICE models.
Making an analogy with statistical concepts helps illustrating the
magnitude of the projected changes. Assume the coping range to be the
standard deviation of a Normal distribution. A three-standard deviation
change in the mean conditions would take the system out of a large part
of what it had previously experienced, and for a six-standard deviation
change there would be virtually no overlap between the past and future
probability distributions.
As shown in Table 2, a near six change would occur for a 2 °C
increase inTt and a 6 °C change would entail taking the system out of its
normal conditions by more than 17 times . The corresponding eco-
nomic impacts projected by the DICE99 and DICE2007 models are
about 0.5% (1.14%) and 9.9% (10.22%) of GDP for a 2 °C and 6 °C
warming, respectively. For the AD-DICE2007 and modified AD-
DICE2007 these impacts are about 1.36% (1.92%) and 15.26%
(17.26%) of GDP, respectively, for a 2 °C and 6 °C warming respectively.
It is hard to imagine any natural or social system that, when taken so far
outside the set of conditions it has ever experienced, would suffer so
little damage. As such, Table 2 suggests that, as has been previously
pointed out (Weitzman, 2012), these damage functions may im-
portantly underestimate the potential damages of climate change,
particularly for large increases in Tt . As shown by the numbers in
brackets in Table 2, these arguments hold even when a much larger
value for the coping range is chosen ( = 0.806), which represents
three standard deviations of Tt estimated using the whole sample period
1850–2010).
3.2. Generalized damage function that accounts for the dynamics of
planned adaptation and sensitivity of the system affected by climate change
The planned adaptation costs function in Equation (8) was fitted by
minimizing the sum of the square differences between the original costs
function (De Bruin et al., 2009a) and Equation (8). Following de Bruin,
De Bruin et al., 2009b, the point chosen for which the two models are
identical, was 2.4 °C increase over the reference climatology centered in
1900. The parameter values for Equation (8) then are = 11.7121 and
= 42 . As shown in Figure A4, the costs of planned adaptation to
completely adapt to small changes in Tt are very low but rapidly ac-
celerate when fully adapting to larger values of Tt , reaching 1% of GDP
for about 0.55 °C and about 11.7% for 1 °C.
To illustrate the implications of the proposed generalized damage
function for the economic impacts of climate change, we use two cli-
mate change scenarios consisting in linear increases in global tem-
perature of 2 °C and 6 °C, respectively, in 100 years. These scenarios
cover a wide uncertainty range in global temperature projections: the
higher warming scenario leads to a temperature increase by the end of
the century similar to that of an unabated, high greenhouse gases
emissions scenario and a high climate sensitivity; the lower warming
scenario could represent an ambitious global mitigation scenario
broadly similar to the Paris Climate Agreement that aims to keep
temperature increase at 2 °C by the end of the century. The linear in-
crease in warming is chosen to investigate the behavior of the proposed
damage function without the influence of nonlinearities in temperature
projections. For these examples, world GDP is assumed to grow ex-
ponentially at a 2% rate. To obtain the optimal adaptation effort, an
optimization procedure for maximizing the present value of the natural
logarithm of GDP (constant relative risk aversion; 4% discount rate)
was applied. The coping range dynamic Equation (11) is parameterized
to represent two different cases: low ( = 0) and high ( = 0.5) sensi-
tivities.
First we discuss the case of no autonomous adaptation ( =at t1, ).
Fig. 1 compares the economic impacts as percent of global GDP ob-
tained from the modified AD-DICE2007 damage function to those from
the generalized damage function described in the previous section.
Panels a) and b) show that for moderate changes in Tt (i.e., 2 °C), the
projected impacts from the proposed damage function are almost the
same as those of the AD-DICE2007 (i.e., show a similar quadratic-type
behavior), irrespective of the sensitivity of the coping range is low or
high. The optimal adaptation produces important reductions in da-
mages of almost one-quarter of the expected gross impacts and leads to
values closer to the original DICE2007 “optimal adaptation” function.
However, due to the inclusion of sensitivity and adaptation dynamics,
for increasing levels of warming these functions diverge, even when
adaptation is included. For up to 1 °C global temperature increase, the
residual damages plus adaptation costs obtained from the proposed
damage function are very similar to those from DICE2007. However,
these damage functions diverge for higher levels of warming. For ex-
ample, for a 1 °C warming and for the case of high sensitivity and
planned adaptation, the difference between the proposed and the
DICE2007 functions is −0.03% of GDP, while for 2 °C the difference
increases to −0.41% (Fig. 1b).
Table 1
Parameter values of the damage functions in the original and modified DICE99
and DICE2007 models (equation (1)).
Model 1 2 cr1 cr2 3
DICE99 −0.00450 0.00350 −0.00155 0.00042 2
DICE2007 0.00000 0.00284 0.00000 0.00034 2
AD-DICE2007 (Gross
damage)
0.0004 0.0027 0.00014 0.00025 2.243
AD-DICE2007* (Gross
damage)
– – 0.00000 0.00057 2
Note: AD-DICE2007* is the approximation of the original AD-DICE2007, re-
stricting the power coefficient to be equal to 2. cr1 and cr2 are constant para-
meters fitted by the coping range.
Table 2
Projected impacts for global temperature increases from 0 °C to 6 °C in percentage of GDP for different damage functions.
Tt (°C) Tt ( ) DICE99 DICE2007 AD-DICE2007 (Gross damage) AD-DICE2007* (Gross damage)
0 0 0 0 0 0
1 2.90 [1.24] 0.10 −0.28 −0.31 −0.48
2 5.80 [2.48] −0.50 −1.14 −1.36 −1.92
3 8.70 [3.72] −1.80 −2.56 −3.29 −4.31
4 11.59 [4.97] −3.80 −4.54 −6.21 −7.67
5 14.49 [6.21] −6.50 −7.10 −10.18 −11.98
6 17.39 [7.45] −9.90 −10.22 −15.26 −17.26
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Divergence for increasing levels of warming also occurs between the
proposed function and the AD-DICE2007 function, even when optimal
adaptation is included. For large increases in temperature (Fig. 1 panels
c and d) the projected impacts from the generalized damage function
are highly nonlinear and very different to those of the AD-DICE2007.
The sensitivity of the coping range has a large impact on the percent of
GDP loss. In fact, Fig. 1d shows damages comparable to those in
Weitzman, (2012) but in this case arising as a consequence of past
climate change impacts over the coping capacity of the system. These
results are also similar to those presented in Estrada et al. (2015), which
uses an empirical approach to account for impact dynamics and per-
sistence.
The optimal adaptation level and the corresponding costs for the
different climate scenarios and sensitivities are shown in Fig. 2 panels
a) and b). These panels illustrate how for large changes in Tt the sen-
sitivity of the coping range can introduce large nonlinearities to the
optimal adaptation path and its costs, while for small changes in cli-
mate the differences between high and low sensitivity estimates are
negligible. The costs of adaptation for the 2 °C temperature scenario
increase slowly and reach about one tenth of percent of global GDP at
Fig. 1. Economic losses as percent of global Gross Domestic Product (GDP). Panels a) and b) show the projected losses for a temperature change =Tt 2 °C for low
(ρ=0) and high (ρ=0.5) sensitivity to changes in temperature, respectively. Panels c) and d) show the projected losses for =Tt 6 °C for low (ρ = 0) and high
(ρ = 0.5) sensitivity, respectively. AD-DICE*, R+A (CR), AD-DICE* (CR), and DICE2007 represent the gross damage from the modified AD-DICE damage function,
the residual and adaptation costs using a dynamic coping range, the AD-DICE gross damage using a dynamic coping range, and the damages from the DICE2007
damage function, respectively.
Fig. 2. Panel a) adaptation level at for = °T C2t , low and high sensitivity to changes in temperature (blue and red lines, respectively) and temperature change
= °T C6t , low (ρ=0) and high (ρ= 0.5) sensitivity (grey and yellow lines, respectively). Panel b) adaptation costs ADt (equation (8)) for = °T C2t , low (ρ= 0) and
high (ρ=0.5) sensitivity (blue and red lines, respectively) and = °T C6t , low (ρ= 0) and high (ρ=0.5) sensitivity (grey and yellow lines, respectively). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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the end of the century, irrespective if a low or high sensitivity is chosen.
However, the differences in adaptation costs from low to high sensi-
tivities under the more extreme climate change scenario are very large,
representing more than 7% of GDP. For this high sensitivity scenario, at
the end of the current century GDP almost stops growing even if the
optimal levels of adaptation are implemented (Figure A5).
3.3. Generalized damage function that accounts for autonomous
adaptation, and its synergy with planned adaptation
We now turn to the cases in which autonomous adaptation is in-
cluded by means of Equations (7a) and (7b). Results are based on the
same climate scenarios described above and high sensitivity in the
coping range specification ( = 0.5). Under a moderate warming sce-
nario (Fig. 3a), the introduction of autonomous adaptation leads to
economic impacts around 0.10% of GDP until half of the century (i.e.,
1 °C warming), representing a 66% decrease in losses with only planned
adaptation. The combination of planned and autonomous adaptation
brings down the costs of climate change at the end of the century from
2% under the no adaptation scenario to about 1% of GDP.
Throughout the century, the synergistic effects between autono-
mous and planned adaptation are positive and lead to total adaptation
levels much higher than those attained only with planned adaptation
alone and higher than those obtained with independent autonomous
and planned adaptation (Fig. 3d). In general, autonomous adaptation
reduces the optimal level of planned adaptation and the associated costs
(Fig. 3b and c). In the case when synergistic effects are taken into
account, the optimal planned adaptation level is low for the first half of
the century, but it increases rapidly afterwards. At the end of the cen-
tury, the planned adaptation attains higher levels than when autono-
mous adaptation is ignored. In this case, the optimal investment in
adaptation at the end of the century is higher than in any other case.
This is due to the assumption that synergistic effects expand the range
of autonomous adaptation when planned adaptation increases, making
adaptation cheaper.
Fig. 4 shows that the effects of autonomous adaptation (whether
synergistic effects are taken into account or not) are limited for higher
warming scenarios. In other words, adaptation takes place for a small
fraction of the total temperature rise. The differences in the total level
of adaptation (Fig. 4d) between planned, planned and autonomous, and
planned and autonomous with synergistic effects start decreasing for
warming above 1.5 °C (year 25). For increases in Tt larger than 5 °C
(from year 84 onwards), the total adaptation depends mostly on the
chosen planned adaptation level (Fig. 4c). The largest differences in
adaptation costs due to inclusion of autonomous adaptation occur at the
end of the century and when synergistic effects are allowed (about 0.5%
of GDP). Results suggest that the most important contribution of au-
tonomous adaptation is restricted to moderate warming. For larger
increases in Tt , the gains from autonomous adaptation in terms of
avoided impacts are small. While there may be limits to adaptation, we
are not explicitly accounting for this. Nevertheless, adaptation is lim-
ited to only a decreasing fraction of the increases in Tt due in part to the
rapidly increasing costs of adaptation. In the numerical example in
Fig. 4, for small increases in Tt , the total adaptation level is close to
Fig. 3. Effects of autonomous adaptation on economic losses, adaptation levels and costs for temperature change = °T C2t and high sensitivity (ρ= 0.5) to changes in
temperature. Panel a) economic losses as percent of global GDP for the following cases: no adaptation (blue), planned adaptation (red; P), planned and autonomous
adaptation (grey; P & A), and synergistic effects (yellow; SE). Panel b) adaptation costs ADt for P (blue), P & A (red) and SE (grey). Panel c) planned adaptation for P
(blue), P & A (red) and SE (grey). Panel d). total adaptation level at for P (blue), P & A (red) and SE (grey). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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100% of temperature change, but this fraction decreases rapidly and
reaches about 16% for high warming values (e.g., 6 °C). This decrease is
faster when no autonomous adaptation is considered and much slower
when synergistic effects between planned and autonomous adaptation
is allowed.
It is important to take into account that the interaction between
adaptation and mitigation decisions is not considered here. The interest
of the present paper is to focus on the behavior of the proposed damage
function, not a full IAM. As such, mitigation (and its interaction with
adaptation) is outside the scope of the present analysis.
3.4. Discussion of main assumptions and limitations of IAMs
The key assumptions with critical implications for IAM outputs can
be ranked as follows. As has been discussed previously in the literature,
the weakest part in IAMs are their damage functions and their ability to
adequately represent climate change impacts, adaptation and vulner-
ability processes (Füssel, 2010; Nordhaus, 2011; Burke et al., 2016;
National Academies of Sciences Engineering and Medicine, 2017). The
empirical basis available to specify and fit such functions is small and a
variety of aspects of natural and human systems are poorly represented
or omitted (van den Bergh and Botzen, 2014). Moreover, most of the
available damage functions are static, and as such imply that human
and natural systems are characterized by unrealistic levels of resilience
(Tol and Fankhauser, 1998; Estrada et al., 2015). As argued in this
paper, the ability to cope with climate change impacts is a function of
the state of the system that is not fixed, and a more realistic re-
presentation of it as a dynamic process would lead to significantly
different outcomes in IAMs. Similarly, adaptation capacity, costs and
modeling are poorly known and represented, but adaptation can have
large effects on the costs estimates of IAMs and on policy re-
commendations (Kurukulasuriya et al., 2006; Kahn, 2016; Costinot
et al., 2016). Recent literature has underlined the importance of geo-
graphical resolution in IAMs, showing that modelling local-scale im-
pacts and adaptation can significantly change the aggregated costs of
climate change at the regional level and global scales (Füssel, 2010;
Estrada et al., 2017a,b). Moreover, increasing our understanding and
modeling of uncertainty in climate projections and about possible large-
scale climate catastrophes could substantially modify the projected
impacts of climate change over the next few centuries (Weitzman,
2009; Diaz and Moore, 2017). Different assumptions for projecting
economic growth have large implications about future climate change
impacts and what optimal climate policies would be (Tol, 2018).
Choosing the discount rate is one of the most discussed topics in this
field and it is known to have large effects on IAMs outcomes, and there
is debate about its appropriate value (Arrow et al., 2013).
The field of climate change economics deals with the study of a
variety of natural and human complex systems and their interactions.
The knowledge and information about these systems and how they
could respond to external changes is, by definition, fragmented and
limited. As such, the capacity to model such systems and to project how
they would evolve in the future under different development paths is
necessarily associated with epistemic uncertainty, critical assumptions,
simplifications and omissions as well as subjective constructs (Estrada
et al., 2017a,b). Furthermore, validation and verification of models of
complex systems is problematic (Oreskes et al., 1994) and, in the case of
climate-economy IAMs, there is no observed data of welfare impacts of
climate change to compare with. However, most of these problems are
Fig. 4. Effects of autonomous adaptation on economic losses, adaptation levels and costs for temperature change = °T C6t and high sensitivity (ρ= 0.5) to changes in
temperature. Panel a) economic losses as percent of global GDP for the following cases: no adaptation (blue), planned adaptation (red; P), planned and autonomous
adaptation (grey; P & A), and synergistic effects (yellow; SE). Panel b) adaptation costs ADt for P (blue), P & A (red) and SE (grey). Panel c) planned adaptation for P
(blue), P & A (red) and SE (grey). Panel d) total adaptation level at for P (blue), P & A (red) and SE (grey). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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not exclusive to climate change economics or IAMs, but common to
most of the impact, vulnerability and adaptation studies, and in some
respects even to climate modeling. As is suggested in the previous
sections, important progress in the climate change impact, adaptation
and vulnerability assessment field would be to make the underlying
assumptions and limitations explicit and more visible and readily
known to the readers and policy makers.
4. Conclusions
While a limited number of damage functions for IAMs explicitly
model adaptation, the dynamic links between impacts, adaptation ef-
forts and the system's sensitivity has been seldom explored or modelled.
In this paper, we examined the question which kind of damage function
is suitable for accounting for such dynamics? We presented a general-
ized damage function that allows feedbacks and interactions between
impacts, autonomous and planed adaptation and vulnerability by ex-
plicitly modeling adaptation and sensitivity as dynamic processes. The
proposed generalizations not only can emulate the behavior of the
damage functions included in some of the most commonly used IAMs
but, through dynamic sensitivity, it provides a mechanism for the type
of highly nonlinear impacts for large changes in climate that has been
recently discussed in the literature (Weitzman, 2012; Dietz, 2011;
Ackerman et al., 2010). The second research questions we examined
was what are the implications of using the proposed damage function
for assessing the economic impacts of climate change? In most of pre-
vious studies, large damages for high levels of warming are produced by
assuming highly nonlinear functional forms. In the damage function
proposed in this paper, large economic damages occur as a consequence
of the effects of past climate impacts on the capacity of the affected
system to cope with further warming. Contrary to most of the current
damage functions, this new type of damage function maps economic
losses in terms of the time-varying capacity of a system to deal with
climate conditions experienced at a certain period in time, instead of
fixed proportional damages produced by absolute changes in climate.
The type of damage function presented in this paper can be ex-
tended in several directions. The ones we believe to be more relevant
are:
• A general challenge with climate change damage functions that also
applies to the one proposed in this study is the empirical fit of its
parameter values in the absence of observed data on climate impacts
and adaptation (Dell et al., 2014; Diaz and Moore, 2017). An im-
portant topic for future research is to examine how empirically
adjusted damage functions can be estimated that account for dy-
namics in adaptation and sensitivity of the system affected by cli-
mate change.
• The effects of economic development on vulnerability are important
determinants of the impacts that will be experienced under climate
change conditions (e.g., Tol, 2018). An interesting extension of the
proposed damage function would be to include in the coping range
equation how changes in development can increase/reduce the
range to which society is resilient to climate.
• Different types of limits to adaptation are expected to exist (phy-
sical, social, technological and economic, among others; e.g., Adger
et al., 2009). The current specification of adaptation does not con-
sider these limits, and only evaluates the economic convenience of
different planned adaptation levels. Estimating such limits to
adaptation at the aggregate level and for global/regional scales is
challenging, but needed to have a better understanding of adapta-
tion in the context of economic IAMs.
• The analysis of the inter-relationships between adaptation and mi-
tigation for optimal climate policy under different emissions sce-
narios. For some ranges of implementation levels and warming,
mitigation and adaptation can be either complementary or sub-
stitute and important synergies and/or trade-offs can be present
(e.g., Klein et al., 2007). Additionally, optimal levels of mitigation,
and adaptation are expected to be considerably affected by different
assumptions regarding discount rates and utility function specifi-
cations.
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